The aim of this review is to focus specifically on the indications, evolution of technique, and results of surgical ablation for atrial fibrillation.
INTRODUCTION
Starting in the 1980s, several procedures were developed in an effort to treat atrial fibrillation, including left atrial (LA) isolation [1] , corridor operation [2] , and atrial transection [3] . However, these procedures were abandoned because of their inability to reliably prevent or successfully treat atrial fibrillation in humans. It was not until 1987 that the team led by Dr James Cox devised the Maze procedure, now known as the Cox-Maze procedure (CMP), that reliably and successfully restored sinus rhythm [3] . This procedure was refined over several iterations with changes to both lesion sets and replacement of the incisional lesions with a combination of bipolar radiofrequency ablation and cryoablation (Table 1 ) [4] . The latest iteration of this procedure has been termed the CMP IV. This review aims to discuss the indications for the surgical ablation of atrial fibrillation, the technique and results of the CMP IV, and the early experiences of the hybrid procedure.
INDICATIONS FOR SURGICAL ABLATION OF ATRIAL FIBRILLATION
In 2012, a task force, which included the Society of Thoracic Surgeons, the American College of Cardiology, the Heart Rhythm Society, the European Heart Rhythm Association, and the European Cardiac Arrhythmia Society, released the updated consensus indications for surgical ablation that were divided into two separate categories: those patients undergoing a concomitant cardiac surgery and those who are not undergoing a concomitant cardiac surgery [5] . For those undergoing other cardiac surgical procedures, all patients with symptomatic atrial fibrillation should be considered for surgical ablation, regardless of whether antiarrhythmic medications have been started. However, stand-alone surgical ablation is generally indicated after patients have failed medical therapy and either have failed one or more catheter ablations or prefer surgical therapy [5] . With the advent of hybrid (combined catheter and surgical) approaches to ablation, the indications for stand-alone therapy may expand [6, 7] .
SURGICAL TECHNIQUE: COX-MAZE IV PROCEDURE
To simplify the CMP, our group at the Washington University has replaced the majority of the cut-andsew lesions that comprised the CMP III with a combination of bipolar radiofrequency ablation and cryoablation and have termed the revision the CMP IV. This procedure can be performed either through a sternotomy or through a less invasive right minithoracotomy (RMT). Intrathoracic access is obtained and both pulmonary veins are bluntly dissected after the initiation of normothermic cardiopulmonary bypass. If a patient is in atrial fibrillation at the time of the surgery and no clot exists, they are electrically cardioverted and started on intravenous amiodarone. Pacing thresholds are measured from each pulmonary vein. A cuff of atrial tissue surrounding the right pulmonary and the left pulmonary veins is isolated using bipolar clamps ( Fig. 1a ) [8] . Isolation is confirmed by documenting exit block from all pulmonary veins when performed through a sternotomy or from the right pulmonary veins only when performed through an RMT.
The patient is cooled to 348C and lesions from the right atrial (RA) lesion set are performed on the beating heart ( Fig. 1b) [9] . A small purse-string suture is placed at the base of the RA appendage that is wide enough to accommodate one jaw of the radiofrequency ablation clamp. An ablation lesion is created along the free wall of the RA through the purse-string. A vertical atriotomy is made extending from the intraatrial septum up toward the atrioventricular groove near the free margin of the heart and should be at least 2 cm from the free wall ablation. From the inferior aspect of the incision, the radiofrequency clamp is used to create ablation lines running up the superior vena cava (SVC) and down toward the inferior vena cava (IVC). A linear cryoprobe is used to create an endocardial ablation on the tricuspid annulus at the two o'clock position. Cryoablation is ideal to complete ablations over
KEY POINTS
The Cox-Maze IV is the current gold standard in the surgical ablation of atrial fibrillation Not isolating the entire posterior LA and all four pulmonary veins greatly increases atrial fibrillation recurrence Hybrid procedures, while showing encouraging early results, lack lesion consensus, have prolonged operative times, and, at this time, have unproven longterm efficacy. annular tissues because it preserves the fibrous skeleton of the heart, therefore maintaining valve competency. All cryoablations are performed at À608C for 3 min. The cryoprobe is placed through the previously placed purse-string suture and an endocardial ablation is performed down to the ten o'clock position on the tricuspid valve. In patients with an RMT, the approach differs by replacing the atriotomy with two additional purse-string sutures: one just above the intraatrial septum midway between the SVC and IVC and one just adjacent to the atrioventricular groove. Next, the LA lesion set is performed ( Fig. 1a ) [8] . The aorta is cross-clamped and the heart is arrested with cardioplegia. The LA appendage (LAA) is amputated. Through the amputated appendage, the bipolar clamp is used to create a connecting lesion into one of the left pulmonary veins. The coronary sinus is marked with methylene blue between the left and the right coronary circulations. A standard left atriotomy is performed with the option to extend superiorly onto the dome of the LA and inferiorly around the right inferior pulmonary vein, if needed. In patients whose exposure is via an RMT, the LAA is oversewn from the endocardial surface following the atriotomy. The posterior LA is then isolated using the radiofrequency ablation clamp both inferiorly and superiorly to connect the atriotomy to the previously made radiofrequency ablation lesion encircling the left pulmonary veins. From the inferior portion of the atriotomy, the radiofrequency ablation clamp is used to create an ablation line across the floor of the LA toward the mitral annulus. This ablation should cross the coronary sinus in the space between the right coronary artery and the circumflex artery. This space is usually adjacent to the P2 cusp of the posterior leaflet of the mitral valve in the majority of patients who have right dominant circulation. The atrioventricular groove, which contains thicker tissue, also lies in this area, so cryoablation is used to bridge the 1-2 cm gap from the end of the radiofrequency ablation line to the mitral valve annulus. To complete the LA lesion set, the coronary sinus is ablated in line with the isthmus lesion by performing cryoablation from the epicardial surface.
SURGICAL RESULTS: COX-MAZE IV PROCEDURE
The CMP has long been considered the gold standard in surgical ablation and continues to be the procedure with the single highest success rate for terminating atrial tachyarrhythmias (ATAs) [9] . Our group prospectively followed 100 patients who received a lone CMP IV procedure from 2002 to 2010. Follow-up was scheduled at 3, 6, and 12 month intervals and annually thereafter. The majority of patients were evaluated with either 24 h Holter monitoring or more prolonged monitoring. Patients were considered to have late recurrence if they had any episode of atrial fibrillation, atrial flutter, or atrial tachycardia longer than 30 s. The mean follow-up time was 17AE10 months. One-third of patients had paroxysmal atrial fibrillation (31%), whereas the rest had either persistent atrial fibrillation (pAF; 6%) or longstanding persistent (LSP; 63%) atrial fibrillation. This study showed that, at both 12 and 24 months, 90% of patients were free from ATAs, whereas 82% were free from ATAs and off antiarrhythmic medications [10] . In a separate study [11] , this same group was then retrospectively compared with 112 patients who had a lone CMP III procedure from 1992 to 2002. It should be noted that the CMP III group determined recurrence using the criteria of symptomatic atrial fibrillation, which likely overestimated the procedural success. This comparison showed no difference in freedom from atrial fibrillation off antiarrhythmic medications between the CMP III group and the CMP IV group (83 vs. 82%) [11] . The CMP IV procedure has also been shown to be advantageous in the perioperative setting when compared with the CMP III. Mean aortic crossclamp times were significantly decreased with a lone CMP IV compared with a lone CMP III (41 AE 13 vs. 93 AE 34 min) [9, 10] . Mean concomitant cross-clamp times have also been shown to be shorter when comparing the CMP IV with the CMP III (93 AE 29 vs. 122 AE 37 min) [9, 12] . In addition, the CMP IV does have a significantly lower major complication rate compared with the CMP III. In our previous series comparing the CMP III with the CMP IV, major complication was defined as reoperation for bleeding, early stroke, renal failure, mediastinitis, and a need for intra-aortic balloon pump (10 vs. 1%) [11] . There were no differences in 3-month pacemaker implantation rate or 30-day mortality rate when comparing both versions of the procedure: they were 7-8 and 1-2%, respectively [11] .
The original CMP IV employed in 2005 did not fully isolate the posterior LA. Only a single connecting lesion existed between the left pulmonary and the right pulmonary veins. There was no superior connecting lesion. This was done because there was initially concern that complete electrical exclusion of the entire posterior LA might have a detrimental effect on LA function. This has since been disproven in our research laboratory. Cardiac MRI showed that LA function was maintained with the addition of a box lesion [13] . In fact, studies from our group comparing 78 patients with a true box lesion set with 22 patients without one showed a marked increase in freedom from atrial fibrillation off antiarrhythmic medications (85 vs. 47%) at greater than 1-year followup [10] . Because of this, all CMP IV at our institution now utilize the full box lesion to isolate the entire posterior LA.
Risk factors for recurrence at 1 year include failure to perform a box lesion, increasing LA size, and early ATAs [14] . The utility of the box lesion in improving freedom from recurrent ATAs is in agreement with the data from the electrophysiology laboratory, which have shown that a wide area circumferential ablation, involving a large portion of the posterior LA, is more effective than pulmonary vein isolation alone [5, 15, 16] . Increased LA size has been shown by multiple groups to be a significant risk factor for recurrence, with a probability of recurrence exceeding 50% once the LA approaches 8 cm [8, [17] [18] [19] . Finally, early ATAs have previously been shown by our group to be a risk factor for recurrence [8] . It is likely that early ATAs are a marker of more advanced atrial fibrosis.
Few groups have evaluated the long-term outcomes of the CMP IV procedure when performed through an RMT. Early results are promising when compared with the CMP IV performed through a sternotomy. Our group has shown that freedom from atrial fibrillation off antiarrhythmic drugs (AADs) was not significantly different between the two groups at 3, 6, 12, and 24 months [20] . Furthermore, the patients who underwent RMT had fewer complications, decreased ICU stays, and decreased median length of hospital stays when compared with those patients who underwent sternotomy [21 && ]. These promising results demonstrate that the CMP IV performed through an RMT approach is as effective as sternotomy in the treatment of atrial fibrillation.
Other lesion sets, including isolated pulmonary vein isolation (PVI), have been evaluated. The atrial fibrillation catheter ablation versus surgical ablation treatment trial, which was a two-center, randomized prospective clinical trial, included 124 patients and compared catheter-based ablation with thoracoscopic PVI in patients with AAD-refractory atrial fibrillation and either LA dilatation and hypertension or failed prior catheter ablation [22] . The study [22] demonstrated that the 12-month freedom from ATAs and AADs was 37% for the catheter ablation group and 66% for the PVI group (P ¼ 0.0022). Therefore, although results with surgical PVI were not as good as a full biatrial Cox-Maze lesion set, they were superior to catheter-based ablation in patients with unfavorable atrial substrates and more complex disease. This study also demonstrated that, in patients who received surgical ablation, freedom from ATAs was higher in those with paroxysmal atrial fibrillation compared with those with pAF (69 vs. 56%).
HYBRID APPROACH
Recently, hybrid approaches employing both catheter ablation and surgical ablation have been utilized in an attempt to provide high procedural success rates without the associated shortcomings of either technique. Advantages of the hybrid approach are as follows. First, the ability to confirm conduction block. Second, the ability to close identified gaps that might result in a long-term recurrence. Third, minimization of surgical injury to structures not easily reached. Fourth, elimination of risk to the phrenic nerve and esophagus because of the surgeons' ability to protect these structures. Fifth, reduced risk of tamponade because of an open pericardium. Finally, reduced risk of embolism from catheter ablations, as fewer ablations are used.
The disadvantages of hybrid approaches include their long operative times when compared with catheter or surgical ablation alone and their higher complication rates in some centers. The biggest problem for hybrid procedures has been the lack of good ablation technology to create the connecting lesions. On the beating heart, the only devices that have been able to achieve reliable transmural lesions have been the bipolar clamps. No unidirectional device has been able to uniformly create transmural lesions that have likely affected procedural success. At this time, there is no standardized approach to this procedure, with multiple groups performing a combination of lesions summarized in Table 2 [23] .
The procedure can be performed in either singlestage or two-stage fashion. A sequential two-stage procedure has been described, claiming that it is more cost effective to identify those patients that have atrial fibrillation recurrence after a surgical procedure and treat these patients with a subsequent percutaneous endocardial ablation [7, 24] . Others have elected a single-stage procedure that combines both the surgical epicardial and catheter endocardial ablations and benefits the patient by avoiding a second procedure and hospitalization [6, 25, 26] . Our group started with a single-stage approach but went to a two-stage operation because of a high complication rate.
The surgical portion of the procedure is usually performed through either a right-sided or bilateral video-assisted thoracoscopy or even a transdiaphragmatic approach using pericardioscopy [27 && ]. Most groups perform epicardial pulmonary vein isolation by way of a radiofrequency clamp in addition to various other lesions ( Table 2 ) [23] . It is important with the mitral isthmus line that the lesion be completed both endocardially and epicardially because epicardial ablation alone is not transmural and leaves patients susceptible to the development of atrial flutter. The LAA excision/ exclusion is typically performed with a stapler or clip and is based on factors such as the CHADS 2 score [28] . Our group advocates LAA exclusion/excision in Table 2 . When firing foci were identified within the pulmonary veins, an additional pulmonary vein antral line was performed even in the presence of an effective box lesion [24] . Additional lines were also made to target complex atrial fractionated electrograms [6] . Adapted from [23] .
all patients as a means to decrease stroke and allow for discontinuation of warfarin. The endocardial portion is performed through a femoral vein approach and a transseptal sheath is placed for an access to the left heart. Entrance and exit block are confirmed from both endocardial and epicardial pacing attempts from the pulmonary veins, and some centers attempt to induce atrial fibrillation by pacing from the coronary sinus at the shortest cycle length that produces 1 : 1 atrial capture. For cases in which atrial fibrillation was induced, additional linear lines are created and ablation gaps are identified and closed endocardially. Furthermore, some groups perform an endocardial ablation line at the cavotricuspid isthmus for patients in RA flutter.
The hybrid approach, thus, by far has yielded good early results, despite long operative times even with a focus on patients with pAF or LSP atrial fibrillation who have failed previous ablation [7, 10] . La Meir et al. [29] compared outcomes at 1 year between patients undergoing the hybrid procedure (n ¼ 35) and patients undergoing minimally invasive PVI and box ablation with ganglionic plexi ablation AE circumferential SVC, IVC ablation, or LAA exclusion (n ¼ 28). They found a trend toward a greater freedom from ATAs more than 30 s off AADs in hybrid patients compared with the minimally invasive surgical group [91 (32/35) vs. 82% (23/28), P ¼ 0.07] [29] . This difference was more profound, however, when comparing LSP patients. In this case, freedom from ATAs off AADs was significant [82 (9/11) vs. 44% (4/9), P ¼ 0.001]. However, it is difficult to draw any conclusions in this very small study with limited follow-up.
Other groups have compared the hybrid approach to patients with previously failed catheter ablations. Mahapatra et al. [7] compared the hybrid approach in 15 patients with LSP or pAF who had failed previous catheter ablation and compared this group with 30 matched patients who underwent repeat catheter ablation. Freedom from ATAs and AADs was significantly improved by performing the hybrid procedure [87 (13/15) vs. 53% (16/30), P ¼ 0.04, mean follow-up of 20.7 AE 4.5 months]. Because of these reports, a multicenter trial, the Dual Epicardial Endocardial Persistent Atrial Fibrillation trial, is underway and is scheduled to finish by December 2015 with a goal of evaluating the safety and efficacy of the hybrid approach.
CONCLUSION
The CMP IV helped solve many of the limitations of the cut-and-sew CMP III with the addition of radiofrequency ablation technology while achieving similar success rates with significantly less morbidity. The hybrid technique attempts to improve the CMP IV by eliminating cardiopulmonary bypass while combining the benefits of radiofrequency ablation and percutaneous catheter techniques. However, there is still a lack of a consensus lesion set, long operative times, and uncertain long-term efficacy. As the mechanisms for atrial fibrillation are better understood and technology improves, surgical treatments will likely become less invasive with improved success rates as procedures are tailored to patient-specific lesions.
